Recently, several types of post-processing image filter which was designed to reduce noise allowing a corresponding dose reduction in CT images have been proposed and these were reported to be useful for noise reduction of CT images of adult patients. However, these have not been reported on adaptation for pediatric patients. Because they are not very effective with small (G20 cm) display fields of view, they could not be used for pediatric (e.g., premature babies and infants) body CT images. In order to solve this restriction, we have developed a new noise reduction filter algorithm which can be applicable for pediatric body CT images. This algorithm is based on a three-dimensional post processing, in which output pixel values are calculated by multidirectional, one-dimensional median filters on original volumetric datasets. The processed directions were selected except in in-plane (axial plane) direction, and consequently the in-plane spatial resolution was not affected by the filter. Also, in other directions, the spatial resolutions including slice thickness were almost maintained due to a characteristic of non-linear filtering of the median filter. From the results of phantom studies, the proposed algorithm could reduce standard deviation values as a noise index by up to 30% without affecting the spatial resolution of all directions, and therefore, contrast-to-noise ratio was improved by up to 30%. This newly developed filter algorithm will be useful for the diagnosis and radiation dose reduction of pediatric body CT images.
INTRODUCTION

D
ue to technical advances in multidetector computed tomography (MDCT), such as much higher table speed, higher rotation speed, and thinner slices, it has become possible to scan a wide range with a thin slice thickness during a single breath-hold and also to scan the same anatomical region repeatedly at short intervals. Such techniques have yielded higher image quality and improved the ability of diagnosis in CT examinations. 1, 2 In infants and children, high image quality has also been obtained and this has given established and invaluable image information for evaluation of different disorders. 3 Therefore, this has led to an increase in the number of CT examinations. Although many technologies for CT have been improved, the radiation dose has not yet been reduced substantially. Indeed, the radiation dose has increased more by acquiring high-quality volume data with thin slice thickness. The radiation dose in CT examinations remains a major concern, especially in pediatric patients, because of the potential carcinogenic effects of relatively low levels of ionizing radiation exposure. [4] [5] [6] In the future, the collective medical radiation dose in the pediatric population will increase with increases in the number of CT examinations. Therefore, to reduce the exposure dose, the introduction of effective denoising image filters, which permit the exposure dose to be minimized, is very important, and realization of such filters is required in practical clinical fields.
Recently, several types of post-processing image filter, which was designed to reduce noise allowing a corresponding dose reduction in CT images, have been proposed, and it was reported that these were useful for noise reduction in CT images of adult patients. 7, [9] [10] [11] [12] However, these have not been reported on adaptation for pediatric patients. For example, a filter algorithm proposed in Ref. 7 is weighted local averaging based on neighbor linking (NLK) which was aimed to selectively reduce image noise in low-contrast regions preserving high-contrast regions, and a filter processing application provided with commercially available CT systems by Toshiba called "Quantum Denoising Software (QDS)" is currently utilized in actual CT examinations. 10, 11 QDS is an adaptive noise reduction filter that works on reconstructed image data by preferentially smoothing areas with uniform density while preserving the edge information of the image. Figure 1 shows the noise reduction performance with NLK and QDS. The results showed changes in amounts of noise calculated by standard deviation value (SD) against the display FOV (DFOV) size for image of a cylindrical uniformity phantom with a diameter of 20 cm. The images with different DFOV size were reconstructed from the same raw data of the phantom. It was clear that both NLK and QDS were not effective in small-diameter DFOV of less than approximately 15 cm. Because they are not very effective with small (G15 cm) display fields of view (DFOV), they could not be used for pediatric (e.g., premature babies and infants) body CT images.
The present study was performed to develop a new noise reduction filter algorithm to enable dose reduction in pediatric CT images with small DFOV. This algorithm was based on three-dimensional (3D) post-processing using a specific combination of multidirectional one-dimensional (1D) median filters. We processed images obtained with a performance test phantom using the developed algorithm, and evaluated the basic physical performance of our algorithm. The effectiveness of clinical pediatric body CT images of several clinical cases was then evaluated by quantitative analysis and visual evaluation.
MATERIALS AND METHODS
Properties of Nominal Median Filter and Review of Median-Based Method
Representative post-processing noise reduction filters are classified as linear and non-linear types, and these can be adapted for CT images. 7 Noise in CT images is primarily due to quantum noise inherent in photon detection and electronic noise, 8 and the noise contains a broad range of frequency components. Therefore, simple linear type noise reduction filters, such as some types of averaging filter, 13 are effective because the high-frequency components can be reduced by the filter. However, such averaging filters provide smoothing effects not only on noise elements but also on the edges of anatomical structures that consist of high-frequency signals. As a result, the image suffers from blurring caused by unclear edges. Median filter is the best-known non-linear filter based on order statistics. 8, 14, 15 It operates in a manner similar to the averaging filter except that each target pixel is replaced by the median rather than the average of pixels in the analysis window. The median filter is commonly used due to its better ability to preserve edges than averaging filters, while still effectively reducing noise. That is, the median filter can operate effectively on the images to maintain the resolution in regions near the edges. However, the median filter is not always effective for reducing image noise, depending on the properties of the original images, such as the resolution and amount of noise. Nodes and Gallagher reported that the 14 14 
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With QDS (Q03) Figure 2 shows an original image of a resolution test phantom and images processed by two different median filter processing techniques. As shown in Figure 2b , a simple two-dimensional (2D) median filter resulted in significant reduction of the resolution. These defects led to the development of the hybrid median filter, which is a multiple-step pixel value-ranking algorithm. 16, 17 The details of hybrid median filter algorithm are shown in Figure 3 . This filter calculates three values for a target pixel, which consisted of two median values (H 1 and H 2 ) from two different arrangements with "x" and "+"shape in five neighbor pixels centered on the target pixel and the pixel value of the target pixel itself. The output value for the target pixel is the median value calculated from these three values. Although the processed image with the hybrid median filter could reduce the negative influence of the simple median filter on the spatial resolution (Fig. 2c , white arrowheads), the spatial resolution was inferior to that of the original image.
We developed a new algorithm that employs many more arrangements across the target pixel than the hybrid median filter and a new calculation between the values from the arrangements to preserve the spatial resolution of original images. The filter could mostly maintain the spatial resolution, while achieving improved noise reduction. The details of the new algorithm are described in the next section.
New Filter Algorithm
Riederer and Harpen reported that noise in CT images results mainly from the Poisson distribution of photon statistics. 18, 19 Thus, the image noise patterns differ between slice images in z-direction, because the noise is randomly distributed in spatial position. On the other hand, human organs have relatively large structures as compared with thin slice thickness and small slice interval provided by recent MDCT. We have exploited this property, and have developed a new three-dimensional filter algorithm that can utilize CT volumetric datasets efficiently for pediatric body images. Our new algorithm of the noise reduction filter is based on a 3D median filter using a 3×3×3 voxel mask. The output values from this algorithm are calculated by weighted averaging of 1D median values along various 3D directions centered the target voxel. Figure 4 shows an outline of the
A 3×3 pixel set and calculation procedure for obtaining output value for the 2D hybrid median filter algorithm. One median value H 1 is calculated from five neighbor pixels forming an "x" shape (A, C, E, G, I), and another median value H 2 is calculated from neighbor pixels forming a "+" shape (B, D, E, F, H). The output value is calculated by the median of H 1 , H 2 , and E. image processing procedure using the new algorithm. First, isotropic volume data were created from an original CT volumetric dataset by linear interpolation. Second, filter processing by the new algorithm was applied to these isotropic data. Finally, the slice interval and slice thickness of the original image were recovered by an appropriate sampling interval and averaging in the z-direction.
The following section describes the details of filter processing for each target voxel. The voxel mask for each target voxel consisted of the target voxel and 26 neighboring voxels. As shown in Figure 5 , in a selected 3×3 voxel plane (pattern) centered on the target voxel, four-direction median values (M1, M2, M3, M4) were calculated from the pattern and then an output value T(n) (n=pattern number) for the pattern was calculated by the following equation:
where M min and M max are minimal and maximal values in the four medians values, respectively, and M other1 and M other2 denote the other two median values. The weighting factors in Eq. (1) were chosen from various settings in our preliminary studies to obtain the best performance between noise reduction and preservation of spatial resolution. The eight selected patterns shown in Figure 6 were used in the algorithm, and the final output values corresponding to the target voxel were obtained by averaging of the eight T(n) values calculated from the respective patterns. Note that we deselected only the x-y plane in selecting patterns to preserve the spatial resolution of the x-y plane as far as possible.
Measurement of the SD Value and Noise Power Spectrum (NPS)
Using the image uniformity module of a Catphan phantom (CTP-500; Phantom Laboratory, Salem, NY, USA), we evaluated the SD and noise power spectrum (NPS) of the images processed with and without the proposed algorithm. A CT scanner (Asteion super 4; Toshiba Medical Systems, Tokyo, Japan) was employed for the evaluation. The scan was performed at 120 kV, 187 mA s, beam pitch of Using the low-contrast module with 2.0% contrast (CTP-401 module) in the Catphan phantom, we evaluated the CNR of the images processed with and without the proposed algorithm. The CT scanner used was a Bright Speed Elite 16 (GE Healthcare, Hino, Japan). The CNR were calculated as follows: (ROI o −ROI b )/SD b , where ROI o and ROI b are the CT values of the low-contrast object with diameter of 10 mm and background ROI and SD b is the SD of the background. 21 The scan parameters were 120 kV, 180 mA s, beam pitch of 0.938, SFOV of 500 mm, slice thickness and interval of 1.25 mm, DFOV of 10 cm, detector configuration of 1.25 mm, and reconstruction filter algorithm of Standard.
Effect on Spatial Resolution
Using a high-contrast resolution module (CTP-528) in the Catphan phantom, we compared maximal distinguishable spatial frequency of the original and processed images. Most of postprocessing non-linear filter algorithms for noise reduction are aimed to selectively reduce image noise of low-contrast regions, and simultaneously preserve the high-contrast regions. This is because high-frequency reduction is inevitable in the noise reduction processing and the high-frequency reduction in the low-contrast regions can be accepted by observers on average. From these view points, we considered that the high-contrast phantom was effective for our algorithm to evaluate the highfrequency preservation. 
Measurement of the Profile Curve of z-axis
We evaluated the performance of edge preservation in the proposed algorithm by testing edge intensity and edge profile in the z-direction using two acrylic spherical phantoms 5 and 8 mm in diameter placed into the water (Fig. 7) . The respective CT values of the two objects were both about 120 HU. The areas of the ROI were set to 4 and 12 mm 2 for 5 and 8 mm spheres, respectively. For quantitative evaluation for the edge profiles, we examined the full width at half maximum (FWHM) values of the respective profiles. The phantom was scanned with parameters of 120 kV, 8 mA s, beam pitch of 0.938, SFOV of 500 mm, slice thickness and interval of 1.25 mm, DFOV of 10 cm, detector configuration of 1.25 mm, and reconstruction filter algorithm of Standard. The CT scanner used was Bright Speed Elite 16.
Evaluation of Clinical Abdomen and Lung Images
We evaluated the efficacy of the proposed algorithm in three clinical cases in infants. The images for all cases were obtained with the Bright Speed Elite 16 CT scanner.
Case 1 was a 2-week-old boy, and abdominal images and lung contrast-enhanced images were obtained at arterial phase. The images were obtained with scanning parameters of 120 kV, 45 mA s, beam pitch of 1.375, SFOV of 500 mm, slice thickness and interval of 1.25 mm, DFOV of 12 cm, detector configuration of 1.25 mm, and reconstruction filter algorithm of Standard.
Case 2 was a 4-month-old boy, and abdominal contrast-enhanced images were obtained in portal phase. The scan parameters were 120 kV, 80 mA s, beam pitch of 1.375, SFOV of 500 mm, slice thickness and interval of 1.25 mm, DFOV of 16 cm, detector configuration of 1.25 mm, and reconstruction filter algorithm of Standard.
Case 3 was an abdominal non-enhanced image from an 18-month-old boy. With this case, to examine the efficacy of the proposed algorithm for dose-reduced images, we created a simulated 30% dose-reduced image by using dedicated reconstruction software from GE Healthcare. The software achieves conversion from an original image to a simulated dose reduction image by raw-data attenuation and addition of Gaussian noise. The advantage of using this software was that the dosereduced images were obtained without exposing the patient twice (scanning). The image was obtained with scanning parameters of 120 kV, 95 mA s, beam pitch of 1.375, SFOV of 500 mm, slice thickness and interval of 1.25 mm, DFOV of 18 cm, detector configuration of 1.25 mm, and reconstruction filter algorithm of Standard. We processed the simulated dose reduction image using the proposed algorithm, and compared the processed image with the original image.
Evaluations of physical measurements (SD value and/or CNR) and visual image observation were made to compare the original images with the processed images for respective cases. 
Visual Evaluation of Clinical Abdomen Images
Clinical images of five patients were visually evaluated by comparing their original images with processed images, according to visibility of the peripheral branches of the portal vein. Table 1 represents the sex and ages of the patients, respective scan, and reconstruction parameters. The comparison was based on the rating system developed by Tanikake et al. 22 and Uchida et al. 23 The visibility of each object was graded on a four-level scale by each observer: grade 3.0 was assigned when the sub-subsegmental level of peripheral branches was visible, providing very useful information prior to interventional radiology; grade 2.0 was assigned when the subsubsegmental level was not visible and all of the subsegmental portal vein branches were visible; grade 1.0 was assigned when some of the subsegmental portal vein branches were not visible and grade 0 was assigned when all of the subsegmental portal vein branches were not visible. The evaluation was performed by five radiologists with 7-15 years' experience, who had not been given any information about the patients. The observers read 100 images per one patient (original image set with 50 continuous images and its processed images). The averaged scores for the original and processed images were calculated, and the statistical comparison between the two groups was performed by using Wilcoxon signed-rank test (SPSS ver. 11.5 J; SPSS Japan Inc., Tokyo, Japan). Table 2 shows the SD values in the original images, images processed with QDS, images processed with NLK and images processed with the proposed algorithm. The SD value was reduced by approximately 30% by the proposed algorithm, and was effective in all DFOV. Figure 8 shows the NPS in the original image and image processed with the proposed algorithm with DFOV of 10 cm. The NPS was reduced in all spatial frequency as compared with that of the original image.
RESULTS
SD Values and NPS
CNR
The results of CNR measurement in the original images and the images processed with the proposed algorithm were 1.98 and 2.79, respectively. The CNR value was improved up to approximately 30% by the proposed algorithm. The contrast values of the original image and the processed image were 23.34 HU and 22.82 HU, respectively. The CT value of original image was not affected by the proposed algorithm. Figure 9 shows a comparison of the spatial resolution images. As shown in the figure, the maximum distinguishable frequency of 0.7 cycles/ mm for the original image was not changed by the proposed algorithm.
Spatial Resolution
Profile Curve of the z-axis ROI in the liver (white circles) were (a) 8.58 HU and (b) 6.67 HU, respectively. With the proposed algorithm, the noise was reduced significantly, and an artifact appearing near the stomach edge was reduced (white arrows). As evidence of edge preservation, the peripheral structures in the lung image were maintained (black arrows). Figure 12 shows a comparison of images for case 2. The mean CT values in an enhanced lesion (black circles) were (a) 128.83 HU in the original image and (b) 129.11 HU in the processed image. The mean CT values and SD values of a ROI in the liver (white circles) were (a) 111.12 HU, 9.85 HU and (b) 110.88 HU, 7.13 HU, respectively. The CNR values calculated from ROI at an enhanced lesion and background ROI in the liver were (a) 1.80 and (b) 2.56. The CNR value was significantly improved by the proposed algorithm. Figure 13 shows a comparison of an original image, the simulated 30% dose-reduced image, and the processed image of the simulated dose reduction image for case 3. The SD values in the liver (white circles) were (a) 18.98 HU in the original image, (b) 23.24 HU in the simulated 30% dosereduced image, and (c) 19 .06 HU in the simulated 30% dose-reduced image processed with proposed algorithm. With the proposed algorithm, we found that the appearance of the processed image became equivalent to that of the original image. 
Visual Evaluation of Clinical Abdomen Images
The results of the visual evaluation of the peripheral portal vein branches in clinical abdomen images are summarized in Table 3 . The visibility of the portal vein was clearly improved by the proposed algorithm (Fig. 14) . The averaged scores of the processed images for all patients were higher than those of the original images. There was significant difference between the results of two groups (P=0.042) (Fig. 15) .
DISCUSSION
The proposed algorithm was assessed by physical evaluation using phantoms and clinical images, and visual evaluation of the clinical images. Using the algorithm, the SD values could be reduced by approximately 30%, and the NPS was reduced in all spatial frequencies, as compared with the original image. The unchanged the maximum distinguishable frequency on the resolution phantom image showed that the x-y spatial resolution of the processed image was almost loss-free. We utilized the 3D isotropic data with 3×3×3 voxels rather than only 2D (slice) data that were employed in the QDS and the hybrid median filter. Therefore, we were concerned about the broadening of the slice profile. However, the mostly unchanged z-profiles and FWHM values showed that the proposed algorithm did not affect Table 3 ). The images are abdominal contrast-enhanced images obtained in portal vein phase. These images were rated as grade 3.0 because the sub-subsegmental level of the peripheral portal vein branches are clearly depicted (white arrows). the spatial resolution in the z-direction (slice thickness). Okumura et al. reported that the QDS decreased the NPS only at high spatial frequencies, 10 and according to our measurement results for the QDS, the reduction of SD values in small DFOV was less than 6% (original image=10.98 HU; image processed with QDS=10.34 HU). In addition, the NLK algorithm was also not effective to small DFOV (original image=10.98 HU; image processed with NLK=9.91 HU).
In contrast, our algorithm realized the noise reduction over a wide frequency range and the effectiveness for small DFOV, and these clearly indicated that the algorithm had advantages over the QDS and the NLK, in that the algorithm would be effective for lesions of various sizes.
We considered that the main reason for this improvement was that our algorithm used multidirectional median filtering centered on the target voxel and excluded directions in the axial plane from the median calculations. It was suggested that the four 1D median calculations in a pattern (plane with 3×3 voxels) and their integration worked to effectively derive the features of the median filtering (noise reduction and edge preservation), and the averaging over the eight selected patterns in the 3D isotropic data contributed to intensify the noise reduction preserving the edge. The NPS improvement and the preservation of the spatial resolution and slice thickness led directly to improvement (approximately 30%) of the signalto-noise ratio, which was confirmed by the CNR values. These findings suggest that the proposed algorithm can improve the detectability of lowcontrast lesions in clinical images such as subtle lesions in liver images. That is, these results indicated that the proposed algorithm will be able to decrease the dose without changing the image quality.
In clinical case 1, the amount of noise was significantly reduced without any change in the edge appearance at the borders of the respective organs. Therefore, the visibility of vessel shapes and other low-contrast structures showed obvious improvement. Clinical case 2 was effective to demonstrate the improvement of image quality by the algorithm, and the CNR values calculated from the images supported the improvement. In clinical case 3, the quality of the processed simulated dose reduction image became equivalent to that of the original image. This indicated that the algorithm worked properly to reduce X-ray photon noise itself because the noise in the dose reduction image was generated by theoretical and basic simulation of dose reduction. The SD value reduction rates of the case 1, 2, and 3 were 22%, 28%, and 18%, respectively. Since, in the case 3, the SD value of the simulated 30% dose-reduced image was restored to that of the original image, these results suggested that the proposed algorithm can reduce radiation dose at least 30% for pediatric CT examination. The images of all cases were acquired by average exposure parameters used in many clinical settings. Therefore, we considered that the SD value reduction obtained in this study were practical. However, since the possible dose reduction rate depends on patient's size, convolution kernel, tube voltage, etc., we need to further investigation using more clinical cases.
The visibility of the portal vein was improved between original images and images processed with our filter algorithm in all cases. The statistical comparisons results of the two groups differences were statistically significant at P=0.042.
Laurence et al. evaluated the noise reduction effect and maintenance of resolution using various types of linear and non-linear image filter, and reported that applying non-linear filters on CT images may improve the quality of CT images better than using current linear filters. 7 Michelle and Cheryl applied seven types of image filter and three types of pixel mask (3×3, 5×5 and 7×7) to the images with DFOV of 40 cm, and reported that they were effective in reduction of radiation dose of CT images 8 . However, they also described the necessity of further evaluation of appropriate conditions because the spatial resolution was decreased by these image filters. 7, 8 In contrast, the proposed algorithm was excellent in that it could be applied to small DFOV and did not affect the spatial resolution and slice thickness. These features would yield a successful effect in improving image quality or decreasing radiation dose given to pediatric patients.
The proposed algorithm consisted of only linear slice interpolation, median calculation, and weighted averaging, and thus its computational load was not heavy for modern computers. In fact, the actual calculation times of 200 images with a slice thickness of 1.25 mm and DFOV of 10 cm were about 150 s on a 2.4 GHz Intel Core 2 Duo processor. Therefore, we considered that the algorithm will be able to be implemented easily on modern computers and will be effective in practical application for CT dose reduction.
CONCLUSIONS
We have developed a 3D noise reduction filter algorithm that can be effectively adapted to pediatric body CT images, and evaluated this algorithm in detail. The results of phantom studies indicated that the proposed algorithm could reduce SD by approximately 30% without affecting the spatial resolution of not only the x-y plane but also the z-direction. Therefore, the algorithm improved the CNR by approximately 30%, and the low-contrast visibility was improved markedly even when the display DFOV was small. In clinical images, the radiation dose could be reduced by 30% without affecting the sharpness of small structures as well as in the phantom studies. We concluded that this newly developed filter algorithm will be effective for more accurate diagnosis and radiation dose reduction of pediatric body CT images.
